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a b s t r a c t
Understanding the developmental and evolutionary dynamics of regulatory networks is essential if we
are to explain the non-random distribution of phenotypes among the diversity of organismic forms.
Here, we present a comparative analysis of one of the best understood developmental gene regulatory
networks today: the gap gene network involved in early patterning of insect embryos. We use gene
circuit models, which are ﬁtted to quantitative spatio-temporal gene expression data for the four trunk
gap genes hunchback (hb), Krüppel (Kr), giant (gt), and knirps (kni)/knirps-like (knl) in the moth midge
Clogmia albipunctata, and compare them to equivalent reverse-engineered circuits from our reference
species, the vinegar ﬂy Drosophila melanogaster. In contrast to the single network structure we ﬁnd for
D. melanogaster, our models predict four alternative networks for C. albipunctata. These networks share
a core structure, which includes the central regulatory feedback between hb and knl. Other interactions
are only partially determined, as they differ between our four network structures. Nevertheless, our
models make testable predictions and enable us to gain speciﬁc insights into gap gene regulation in
C. albipunctata. They suggest a less central role for Kr in C. albipunctata than in D. melanogaster, and show
that the mechanisms causing an anterior shift of gap domains over time are largely conserved between
the two species, although shift dynamics differ. The set of C. albipunctata gene circuit models presented
here will be used as the starting point for data-constrained in silico evolutionary simulations to study
patterning transitions in the early development of dipteran species.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY. Introduction
Among the astonishing diversity of organismic forms we can
eadily discern recurring patterns that hint at underlying regular-
ties. Some biological shapes and processes occur more often than
thers. Many of these patterns can be explained as adaptations by
atural selection: for instance, some wing shapes are simply more
uitable for ﬂight than others. But others remain mysterious. One
triking and illustrative example is the absence of any six-limbed
ertebrates with legs, arms, and wings. This sort of arrangement
eems tohaveclear advantages, and insectshavebeenvery success-
ul with it. We have no plausible adaptationist explanation for why
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303-2647/© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open accesslicense (http://creativecommons.org/licenses/by/3.0/).
it has never arisen during evolution (see also Gould and Lewontin,
1979). In this case, it is important to remember that natural selec-
tion is limited in the sense that it can only act on the phenotypic
variability that is available in a population. This variability is highly
non-random. It depends on the way that organisms are structured,
on the way they develop. Some biological forms never develop at
all. Darwin already recognised this problem and its relevance for
evolutionary dynamics, stating in the summary of chapter 5 of the
“Origin of Species” that “our ignorance of the laws of variation is
profound” (Darwin, 1859). It still is today,more than150years later.
Evolutionary developmental biology (evo-devo) addresses the
interaction between the structure of developmental processes and
evolutionary dynamics. The ultimate aim is to provide a causal
link betweenmolecular evolution andphenotypic change (Alberch,
1982; Maynard Smith et al., 1985; Wagner, 1988; Wagner and
Altenberg, 1996; von Dassow and Munro, 1999; Arthur, 2001;
Fusco, 2001; Salazar-Ciudad, 2006; Salazar-Ciudad and Marín-
Riera, 2013). In other words, evo-devo attempts to characterise
article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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There is evidence from classical experiments using UV irradia-
tion that there is an anterior determinant in psychodid midges
(Sander, 1976). However, the identity of this determinant remains
Fig. 1. The gap gene network in dipteran insects. (A) A simpliﬁed phylogenetic tree
is shown on the left indicating the position of C. albipunctata with respect to the
twomain branches of dipterans: higher ﬂies (Brachycera) andmosquitoes (based on
Jiménez-Guri et al., 2013). Thepsychodid lineage containingC. albipunctatadiverged
early from the branch leading to the Brachycera, which includes D. melanogaster.
For each of the represented species, we schematically show the expression patterns
of maternal co-ordinate and terminal gap genes (middle), as well as the expres-
sion domains of gap genes (right column) in the trunk region of the embryo. Gap
gene expression patterns correspond to those observed in late blastoderm stage
embryos. (B) Consensus gap gene network for D. melanogaster (Crombach et al.,
2012b). Coloured boxes indicate the position of gap domains along the A–P axis.
Coloured background indicates main activating contributions by maternal factors.A. Crombach et al. / Bi
he complex genotype-phenotype map of evolving developmen-
al systems (Alberch, 1991; Wagner and Altenberg, 1996; Pigliucci,
010; Félix, 2012). This is a task of daunting complexity due to the
reat number of regulatory factors and interactions involved. Tra-
itional genetic and molecular methods are limited in their ability
o keep track of many simultaneous regulatory interactions. For
his reason, they have to be complemented by systems-biology
pproaches based on mathematical modelling and analysis (Jaeger
nd Crombach, 2012; Jaeger et al., 2012; Jaeger and Sharpe, 2014;
aeger and Monk, 2014).
Such evolutionary systems-biology approaches have begun to
ield interesting and original insights into the function, dynamics,
nd origin of developmental processes. For example, a gene regu-
atory network model was used to reproduce the development and
volution of mammalian tooth cusps (Salazar-Ciudad and Jernvall,
002, 2010; Salazar-Ciudad and Marín-Riera, 2013). In another
ase, mathematical models indicate that different pattern-forming
egulatory networks in the vinegar ﬂy Drosophila melanogaster are
urprisingly robust againstmutations (vonDassow et al., 2000; von
assow and Odell, 2002; Meir et al., 2002; Albert and Othmer,
003; Ingolia, 2004; Ma et al., 2006). A third example is pro-
ided by a study of vulval induction in roundworms of the genus
aenorhabditis, which reveals that different species employ distinct
evelopmental mechanisms to achieve robust patterning (Hoyos
t al., 2011).
Thesemodelling studies of speciﬁc evolvingdevelopmental pro-
esses have been complemented by in silico evolution approaches,
hich attempt to capture the essential features of evolving biolog-
cal systems by simulating populations of gene networks. Several
f these studies have focussed on the evolution of the segmented
ody plan in insects (Salazar-Ciudad et al., 2001a,b; Franc¸ois et al.,
007; Fujimoto et al., 2008; ten Tusscher and Hogeweg, 2011). On
ne hand, this approach has yielded interesting new insights into
he evolvability and robustness of biological systems. On the other,
t remains at a purely conceptual level and it is unclear at this
oint whether any of the models cited above succeed at faithfully
eproducing the evolutionary dynamics of the real biological sys-
em. To overcome this limitation, we aim to combine a data-driven
everse-engineering approach of reconstructing gene networks in
ifferent species,with in silico evolutionary simulations (Jaeger and
rombach, 2012). Our model system of choice forms part of the
rocess of insect body segmentation: it is the gap gene network
nvolved in segment determination during early development of
ipterans (ﬂies,midgesandmosquitoes) (reviewed in Jaeger, 2011).
his regulatory network is one of the most thoroughly investigated
evelopmental systems today. It is unusually simple and tractable,
oth experimentally and for the purposes of mathematical mod-
lling. Patterning in the early dipteran embryo relies exclusively
n gene regulatory interactions without any tissue growth or
earrangements. Various powerful experimental protocols for the
haracterisation and knock-down of gene expression are available
for example Sullivan et al., 2000; Ashburner et al., 2005; Surkova
t al., 2011; Raﬁqi et al., 2011, 2011; Crombach et al., 2012a). Based
n this, we are developing a number of dipteran species into model
ystems in which we can experimentally test hypotheses derived
rom systems-biology approaches to evo-devo. Our long-term aim
s to investigate the evolution of segment determination by using
n in silico evolution approach explicitly constrained by experi-
ental data. In this paper, we report on an important stage of
his project: the reverse-engineering of the gap gene network in
basally branching dipteran, the psychodid moth midge Clogmia
lbipunctata (Fig. 1A). The resulting models will serve as a starting
oint for our evolutionary simulations.
In particular, the focus of this study lies on a comparative
nalysis of gap gene regulation between C. albipunctata and
. melanogaster (Fig. 1A). For D. melanogaster, we have anms 123 (2014) 74–85 75
extraordinarily detailed picture of gap gene regulation in terms of
molecular mechanisms, genetic interactions, developmental tim-
ing, and network-level modelling (Jaeger, 2009, 2011; Jaeger et al.,
2012; Crombach et al., 2012b). The basic principles of gap gene reg-
ulation in this species can be summarised as follows (Fig. 1B). The
maternal factors Bicoid (Bcd), Hunchback (Hb) and Caudal (Cad)
set up an initial asymmetry along the major, or antero-posterior
(A–P), axis of the embryo. These maternal gradients activate the
four trunk gap genes hb, Krüppel (Kr), giant (gt), and knirps (kni),
which become expressed in broad, overlapping domains along the
A–Paxis. Someof thesegenes showauto-activation. In addition, gap
genes cross-regulate each other. There is strong mutual repression
between the two pairs of gap genes that show mutually exclusive
expression patterns: hb/kni, and Kr/gt. In addition, the expression
domains of Kr, kni, gt and hb in the central and posterior region
of the embryo shift towards the anterior over time. These shifts
are caused by asymmetric cross-repression between overlapping
domains. Finally, the terminal gap genes tailless (tll) and huckebein
(hkb) repress trunk gap gene expression in the terminal region of
the embryo.
Gap gene regulation in C. albipunctata is not sowell-understood.T-bar connectors represent repressive interactions. Dashed lines indicate balance
between relatively weak repressive interactions among overlapping gap domains.
Maternal co-ordinate genes: bicoid (bcd), hunchback (hb), and caudal (cad). Trunk
gap genes: hunchback (hb), Krüppel (Kr), giant (gt), knirps (kni). Terminal gap genes:
tailless (tll), huckebein (hkb).
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nknown, sincebcd isnotpresent in theC. albipunctatagenome(our
npublished results). Ananteriormaternal gradient ofHb is present
imilar to D. melanogaster (Rohr et al., 1999; Janssens et al., 2013).
aternal Cad protein is present in the posterior (our unpublished
esults). The terminal gap gene tll is expressed in the posterior pole
egion of the embryo, but no hkb expression can be detected at
he relevant stages (García-Solache et al., 2010). The four trunk gap
enes are present, showing both similarities and intriguing differ-
nces compared to D. melanogaster (Fig. 1A). gt, hb, and knirps-like
knl) are expressed in the anterior trunk region. We cannot detect
ustained gtexpression in theposterior (García-Solacheet al., 2010;
anssens et al., 2013), and the posterior hb domain only appears at
he onset of gastrulation (Rohr et al., 1999). The anterior domain of
b extends much further to the posterior than in D. melanogaster
Hb protein is detected up to 80% of the embryo’s length, Janssens
t al., 2013). Accordingly, Kr and knl are expressed further posterior
han theirD.melanogasterhomologues (García-Solacheet al., 2010).
ote that the relative ordering of trunk gap domains is the same in
oth species (Fig. 1A).Moreover, posterior expressiondomains shift
o the anterior over time as observed in D. melanogaster (García-
olache et al., 2010).
Although gap gene expression has been documented for
. albipunctata, we do not know the regulatory structure of the
nderlying gene network. In this study, we infer this regulatory
tructure using a reverse-engineering approach called the gene
ircuit method (Reinitz and Sharp, 1995; Jaeger and Monk, 2010;
aeger and Crombach, 2012). It is based on ﬁtting dynamic net-
ork models, called gene circuits, to quantitative spatio-temporal
xpression data. This method has been successfully used for in
ilico reconstitution and analysis of the gap gene network in D.
elanogaster (Reinitz et al., 1995; Jaeger et al., 2004a,b; Perkins
t al., 2006;Manuet al., 2009a,b;Ashyraliyev et al., 2009;Crombach
t al., 2012b). The gene circuit approach was originally developed
or use with protein expression data of high precision and spatio-
emporal resolution (Jaeger et al., 2004a; Surkova et al., 2008a,b).
t is extremely challenging to obtain data of equivalent quality and
esolution in a non-model organism such as C. albipunctata. There-
ore, we use mRNA expression data for gap genes instead, which
re less accurate and have been sampled at a lower number of
ime points. We have demonstrated previously that a comparable,
runed and reduced,D. melanogastermRNAdata set is sufﬁcient for
uccessful reverse-engineering of gap gene interactions (Crombach
t al., 2012b).
We show that C. albipunctata gene circuits predict a limited set
f four alternative gene network structures with a shared core set
f gap gene interactions. Our analysis strongly suggests that the
utual repression of hb and knl is conserved between C. albipunc-
ata and D. melanogaster, but the mutual repression of Kr and gt
s not. The regulatory mechanisms governing gap domain shifts
ppear conserved, although the dynamics of these shifts differ
etween the two species. In contrast to D. melanogaster, we ﬁnd
hat Cad is repressing gt in the posterior region of the C. albipunc-
ata embryo. Our analysis yields speciﬁc hypotheses on gap gene
egulation that can be tested with gene knock-down by RNA inter-
erence (RNAi). Finally, we will use selected gene circuit models
rom C. albipunctata as a starting point for simulations of gap gene
etwork evolution between dipteran species.
. Material and methods
.1. C. albipunctata quantitative gene expression dataOur study is based on the in situ hybridisation data set of gap
ene mRNA expression in C. albipunctata blastoderm embryos as
ublished in García-Solache et al. (2010). C. albipunctata ﬂy culture,ms 123 (2014) 74–85
embryo collection and ﬁxation, and whole mount in situ hybridisa-
tion were performed as reported in that study.
Quantitative expression data were acquired and processed
as reported in Crombach et al. (2012a), with a few alterations
of the protocol as indicated below. Brieﬂy: images of embryos
stained for one or two gap gene mRNAs are taken using bright-ﬁeld
microscopy (Fig. 2A). Binary embryo masks are created by man-
ually tracing the outline of each embryo (Fig. 2B). Subsequently,
we determine a band along the dorso-ventral midline (Fig. 2B).
Raw mRNA expression proﬁles are extracted from this band,
and the position of expression domain boundaries is determined
by manually ﬁtting clamped spline curves to the data (Fig. 2C).
Embryos are assigned to time classes as described in Jiménez-Guri
et al. (2014), and Supplementary Tables S1 and S2. For each gene
and time class, we calculate median boundary positions, resulting
in integrated spatio-temporal expression proﬁles of the four trunk
gap genes hb, Kr, gt, and knl. The integrated expression proﬁles
can be homologised and compared to gap gene expression in
D. melanogaster (Fig. 2D) (Jiménez-Guri et al., 2014).
Numbers of embryos in our data set—sorted by gene, expression
domain boundary, and time class—are summarised in Supplemen-
tary Table S3. Embryo images and processed gap gene expression
data for C. albipunctata are available from our SuperFly database
(http://superﬂy.crg.eu).
A few post-processing steps are required to make our inte-
grated expression data suitable for reverse-engineering. First, we
reduce the number of time points present in the data set to reﬂect
the accuracy of staging by timed embryo collections, and to avoid
overlapping time classes (Supplementary Table S2). We bin the
C. albipunctata data into 5 time points, one in cleavage cycle 13
(C13), the other four in C14A (Jiménez-Guri et al., 2014): t=35, 65,
95, 125, and 140min (where t=0 is the onset of C13; see Supple-
mentary Table S1). Then, we apply the following post-processing
steps as previously described in Crombach et al. (2012b): expres-
sion levels are binned into 100 ‘nuclei’ along the antero-posterior
(A–P) axis; these levels are differentially scaled both along the
A–P axis and over developmental time, such that expression levels
are highest in the middle of the embryo and peak in mid-to-late
C14A, as observed in D. melanogaster (Becker et al., 2013); ﬁnally,
they are multiplied by a constant factor of 200 to make expression
levels comparable to previous mRNA and protein data sets from
D. melanogaster.
Our models include regulatory inputs from maternal factors
and terminal gap genes. These were incorporated as follows:
C. albipunctata has two known maternal gradients. One is formed
by the maternal protein product of hb, which is distributed in a
Drosophila-likeway in the anterior of the embryo (Rohr et al., 1999;
Janssens et al., 2013). In the posterior, we detect the presence of
maternal Cad protein (E. Jiménez-Guri, K. Wotton, J. Jaeger, unpub-
lished), but the exact shape of this gradient is unknown. In the
absence of quantitative measurements, we use gradient proﬁles
qualitatively similar to those in D. melanogaster for Hb and Cad.
Unfortunately, we do not yet know the identity or distribution
of the anterior morphogen gradient. Although no homologue of
bcd is present in the genome of C. albipunctata (E. Jiménez-Guri,
K. Wotton, J. Jaeger, unpublished), the existence of some kind
of anterior gradient is suggested by classical UV irradiation
experiments in Smittia, a psychodid midge closely related to
C. albipunctata (Sander, 1976). Based on this, we assume a time-
independent anterior morphogen gradient of unknown identity
with an exponential distribution along the A–P axis. We refer to
this gradient as AntDet, the Anterior Determinant. C. albipunctata
has one known terminal gap gene, tll. Our time-invariant tll expres-
sion data are based on measurements of boundary positions from
in situhybridisation data as described for the trunk gap genes above
(García-Solache et al., 2010).
A. Crombach et al. / BioSystems 123 (2014) 74–85 77
Fig. 2. Data acquisition, processing, and integration. (A) Lateral view of a C. albipunctata blastoderm embryo at 5:30 hours after egg activation (hrs AEA) showing hb (purple)
and Kr (red) mRNA double-staining. This image has been published before in García-Solache et al. (2010; Fig. 4A). (B) Binary mask of the embryo with dorso-ventral midline
(black), plus superimposed region for proﬁle extraction (within red lines), and the ﬁve control points used to adjust its shape and position (red dots). In (A) and (B) anterior is
to the left, dorsal is up. (C) Extracted raw expression proﬁles of hb (purple) and Kr (red) along the antero-posterior (A–P) axis, with manually ﬁtted splines (in black) used to
deﬁne the boundaries of expression domains. Relative intensity indicated by arbitrary units. 0% A–P position is at the anterior pole. (D) Integrated gap gene expression data
for C. albipunctata (solid lines, dark-coloured areas), with a comparison to the equivalent patterns in D. melanogaster (dashed lines, light-coloured areas). The four panels show
the expression domains of the four trunk gap genes over space and time. Example images of each gene expression pattern in C. albipunctata are shown in Supplementary Fig.
S1. Graphs only show the trunk region, which we deﬁne to range from 35 to 87% A–P position. Developmental time in C. albipunctata is indicated in minutes (min) from the
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2008b). These time classes can be homologised between the two species (Jiménez
ast as C. albipunctata during the blastoderm stage.
.2. Fitting gene circuit models
Our reverse-engineering procedure consists of two main com-
onents: (1) a mathematical model of gene regulation (the gene
ircuit) and (2) a model-ﬁtting global optimisation algorithm
Jaeger and Monk, 2010). Gene circuits are deﬁned in detail else-
here (Ashyraliyev et al., 2009; Crombach et al., 2012b). Our
odels cover the trunk region of the embryo, which we deﬁne to
ange from35 to 87%A–P position in analogy to ourD. melanogaster
RNA gene circuits (Crombach et al., 2012b). In the trunk region,
ap gene patterning happens exclusively along the A–P axis. Hence,
e represent the embryo as a linear array of nuclei in our models.
ene circuits are hybrid dynamical models: nuclei undergo dis-
rete mitotic divisions, while showing continuous gene regulatory
ynamics. These dynamics are governed by the following set of
on-linear ordinary differential equations (ODEs):
dga
i
dt
= Ra˚(ua) + Da(n)(gai−1 + gai+1 − 2gai ) − agai , (1)
here ga
i
represents the concentration of the gap gene product
∈G, with G= {hb, Kr, gt, knl}, in nucleus i. The change of gene
roduct concentration over time t (left-hand side of Eq. (1)) is
etermined by the three terms on the right-hand side that rep-
esent (1) regulated synthesis, (2) diffusion, and (3) degradation,
espectively. Equation parameters are deﬁned as follows: Ra is the
aximumsynthesis rate,Da(n) is the diffusion rate,which depends
n the number of previous divisions n, and a is the gene prod-
ct degradation rate. Coarse-grained kinetics of gene regulatione use cleavage cycles and time classes within cycle 14A as deﬁned in Surkova et al.
et al., 2014): as a rule of thumb, D. melanogaster develops approximately twice as
are represented by a sigmoid regulation–expression function (u),
deﬁned as follows:
(ua) = 1
2
(
ua√
(ua)2 + 1
+ 1
)
(2)
with
ua =
∑
b∈G
Wbagbi +
∑
m∈M
Emagmi + ha, (3)
whereua represents the sumof regulatory inputs fromall trunk gap
genes, and external inputs whose concentrations are determined
from interpolated expression data (M= {AntDet, Cad, Tll}). Impor-
tantly, the matrices W and E deﬁne the regulatory interactions
among trunkgapgenes, and regulatoryeffects fromexternal inputs,
respectively. The elements of these matrices are called regulatory
weights. Each of these weights can be positive (representing acti-
vation), (close to) zero (no interaction), or negative (repression) for
a particular regulatory interaction. For instance, wHb→kni = −0.17
represents a repressive effect of Hb on kni. ha is a threshold param-
eter representing the expression state of each gene in the absence
of any spatially speciﬁc regulatory inputs.
Our models consist of 108 ODEs in C13, and 212 ODEs in C14A.
The equations are solved from the start of C13 (t=0min), when
gap gene mRNA expression becomes detectable, until the onset of
gastrulation at the end of C14A (t=140min). Mitosis occurs from
t=49–55min (see also Supplementary Table S1).
We determine the value of parameters W, E, R, h, D and 
by ﬁtting gene circuits to C. albipunctata mRNA expression data
using a global optimisation algorithmcalledparallel LamSimulated
78 A. Crombach et al. / BioSystems 123 (2014) 74–85
Fig. 3. C. albipunctata gene circuits: model output versus data. (A) Gene circuits ﬁt to C. albipunctata mRNA expression data. All 117 selected gene circuits are shown. (B)
Gene circuits ﬁt to D. melanogaster mRNA expression data (taken from Crombach et al., 2012b). All 52 gene circuits are shown. Plots show model output (thin coloured lines)
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% is the anterior pole). Vertical axes represent relative mRNA concentrations in arb
ndicated in minutes after the onset of cleavage cycle 13 (C13); T2/4/6 represent tim
nnealing (pLSA) (Chu et al., 1999). We follow the same procedure
s described in Crombach et al. (2012b) with minor modiﬁcations.
rieﬂy: we solve the model numerically as previously described;
he residual error betweenmodel output and data is determined by
weighted least squares cost function,whereweights are inversely
roportional to expression levels; we ﬁx threshold parameters
a =−2.5 for all trunk gap genes; in contrast to D. melanogaster
RNAgene circuits, diffusion parametersDa are not kept ﬁxeddur-
ng model ﬁtting for C. albipunctata; the cost function is minimised
y running pLSA on the Mare Nostrum supercomputer, and result-
ng solutions are selected for further analysis based on residual
rrors, numerical stability, and visual inspection of model output
see Supplementary Text S1).
. Results and discussion
.1. C. albipunctata gap gene circuits
Weused our quantitative integrated data set of spatio-temporal
ap gene expression in C. albipunctata (Fig. 2D) to ﬁt gene circuit
odels. From a total of 1000 ﬁts, we selected 117 circuits of sufﬁ-
ient quality for further analysis (see Supplementary Text S1).
On one hand, the selected circuits display the correct expression
iming and gene order along the A–P axis (Fig. 3A) (García-Solache
t al., 2010). In the anterior region, hb, gt, and knl overlap by the end
f theblastodermstage. The largeanteriorhbdomainextendsmuch
urther than in D. melanogaster (compare Fig. 3A and B). Further
osterior, we observe a Kr domain and a posterior knl expression
omain. Moreover, the three major trunk gap domains—hb, Kr, and
osterior knl—display anterior shifts over time, which are correctly
aptured by our models. These shifts are much larger than the ones
bserved in D. melanogaster, where the boundary of hb does not
hift at all, while Kr and kni domains shift to a lesser extent (com-
are Fig. 3A and B).
On the other hand, there are several readily visible defects in our
odels. They can be summarised as follows: hb is overexpressedthe embryo is shown (as in Fig. 2D). Horizontal axes represent A–P position (where
units (au). Time progresses downwards: developmental time for C. albipunctata is
sses during C14A for D. melanogaster, as in Fig. 2D.
early on in the anterior part of its domain (35–50% A–P position,
where 0% is the anterior pole), while later on, it shows expression
levels that are too low in this range (Fig. 3A); gt establishes its
anterior domain somewhat prematurely and extends too far poste-
riorly at early time points (Fig. 3A, t=35 and 65min); posterior knl
retracts too early from the posterior region (Fig. 3A, t=95min); and
ﬁnally, gt, and anterior knl expression levels vary strongly between
gene circuits at late time points (Fig. 3A, t=125min). In general,
we note a marked increase in variability of expression levels
between C. albipunctata circuits compared to our reference set of
D. melanogaster mRNA-based circuits (compare Fig. 3A and B).
The observed variability in ﬁtting solutions is also reﬂected at
the level of theunderlyingmodel parameters.Here,we focusongap
gene cross-regulation represented by the genetic interconnectivity
matrix W, and on regulation of gap gene expression by mater-
nal co-ordinate genes and the terminal gap gene tll represented
in matrix E (see Eq. (3) in Material and Methods; scatter plots of
parameter values are shown in Supplementary Fig. S2). For the pur-
pose of our analysis, we classify regulatory interaction parameters
from all successful ﬁtting solutions into three categories: we take
an interaction wij ∈ W to be activating if wij > 0.005, repressing if
wij < 0.005, and neutral otherwise. These categorised interactions
represent the regulatory structure of the network that each gene
circuit encodes (Fig. 4A). They allow us to assess if these network
structures are consistent between different ﬁtted model solutions,
and reveal whether there is a consensus network. In contrast to
D. melanogaster, where a large majority of gene circuits show
exactly the same qualitative regulatory structure (Fig. 4B)
(Crombach et al., 2012b), we do not ﬁnd such a unique solution for
C. albipunctata. The presence ofmultiple alternative network struc-
tures in our set of ﬁtted models is also evident from the relatively
wide distribution of estimated parameter values (Supplementary
Fig. S2). This lack of determinability could be due to the lower
quality of our data, or due to the reduced complexity of gap gene
expression patterns—and hence reduced constraints on the ﬁtting
procedure—in this species.
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Fig. 4. Consensus and core network structures for the C. albipunctata gap gene
system. (A,B) Genetic interconnectivity matrices indicating repressive (red), acti-
vating (green), and no (blue) interactions for C. albipunctata (A) and D. melanogaster
(B) mRNA-based gene circuits. Columns represent regulators, rows target genes.
Number triplets in each table cell indicate the number of gene circuits with repres-
sive/no/activating interactions. An interaction is considered absent (blue) if its
absolute strength falls below the cut-off of 0.005 (Crombach et al., 2012b). Dark
colour indicates a consistent type of interaction in all selected gene circuits; a lighter
shade indicates different types of interactions in distinct ﬁtting solutions. Black bor-
ders in (B) highlight differences in interactions between the two species. (C) The core
gap gene network for C. albipunctata: only interactions common to all selected cir-
cuits are included. Coloured boxes indicate the position of gap domains along the
A–P axis (as in Fig. 1B). Anterior is to the left. Arrows indicate activating interac-
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Nevertheless, it is possible to extract speciﬁc insights into gapions, T-bar connectors represent repression. We have omitted self-regulation and
aternal inputs for clarity.
.2. A core gap gene network for C. albipunctata
Despite the observed variability in inferred parameter values, a
lear trend towards certain types of regulation is visible for many
nteractions (Fig. 4A). For instance, gt is generally activated by Hb
n the anterior of the embryo, hb in turn is repressed by both Gt and
r in most cases, Kr tends to be repressed by Gt, and Tll represses
oth Kr and knl in the posterior of the embryo. If we take a conser-
ative measure and only consider the interactions that are shared
y all 117 selected gene circuits,we can extract a core gap gene net-
ork for C. albipunctata (Fig. 4C). This core network consists of (1)
ctivation of hb by the anterior determinant, (2) mutual repression
etween hb and knl, (3) repression of Kr by its direct neighbours Hb
nd posterior Knl, and (4) Gt activating knl in the anterior region.ms 123 (2014) 74–85 79
Based on the trends observed in parameter values and the core
network described above, we can carry out a comparison of the gap
gene network between C. albipunctata and D. melanogaster. There
are many regulatory interactions that are the same in both species.
One interesting case is the conserved mutual repression of hb and
kni/knl. This double-negative (positive) feedback loop is essential
to establish the complementary expression patterns of these two
genes (Jaeger et al., 2004a,b; Jaeger, 2011; Crombach et al., 2012b).
On the other hand, we ﬁnd nine major changes between
C. albipunctata and D. melanogaster (black framed table cells in
Fig. 4B). Six of these involve gt either as regulator or target
gene. We discuss most of these changes in detail below. For the
moment, we only mention the two most striking differences, since
they are central to gap gene regulation. One major change is the
activation—or better, the lack of repression—of gt by Kr (Fig. 4A).
In D. melanogaster, the mutual repression between gt and Kr—just
like the mutual repression of hb and kni—plays a central role in
establishing the mutually exclusive expression patterns of these
two pairs of genes (Kraut and Levine, 1991; Jaeger et al., 2004a,b;
Vakulenko et al., 2009; Jaeger, 2011; Crombach et al., 2012b). This
‘alternating cushions’ mechanism appears not to be fully present
in C. albipunctata. This may be due to the lack of a posterior gt
domain. The second major change is the repression of gt by Cad in
C. albipunctata. Again, this is connected with the absence of a
posterior gt domain, which depends on activation by Cad in
D. melanogaster (Jaeger, 2011).
We note that there are several genetic interactions that agree
between a majority of models for C. albipunctata and gene circuits
for D. melanogaster. Yet a substantial number of C. albipunctata
gene circuits show alternative kinds of regulation for such interac-
tions. For example, in 41 of 117 circuits, the anterior determinant
is inhibiting knl instead of activating it. Given our difﬁculties in
determining these interactions unambiguously, we decided to split
the set of C. albipunctata circuits into separate groups that show
parameter values which cluster together.
3.3. Gene circuits predict four alternative regulatory structures
for the gap gene network in C. albipunctata
To investigate whether we can identify a limited number of
qualitatively different regulatory structures in our set of C. albipun-
catata gene circuits, we performed hierarchical clustering on the
estimated parameter values (Fig. 5A). This approach reveals four
major, and one minor, network variant. We will focus on the major
variants in what follows. We veriﬁed these four major clusters by
applying the same hierarchical clustering approach to the gene
expression proﬁles produced by our models, and by applying k-
means clustering (with k=4) on parameter values and expression
proﬁles. All of these analyses resulted in equivalent sets of clusters
(not shown).
The four major network variants have a number of additional,
non-core interactions that are shared by all members of a cluster
(solid lines/symbols in Fig. 5B–E). Beyond these core networks for
individual clusters, we also consider interactions present in more
than 75% of the gene circuits in a given class (dashed lines/symbols
in Fig. 5B–E).Weﬁnd that formany interactions, clusters showclear
trends towards a consensus network structure (see Supplementary
Fig. S3). Still, various interactions remain undetermined (question
marks in Fig. 5B–E). This lack of determinability can be explained
by compensation between different combinations of activating and
repressing regulatory interactions in each cluster.gene regulation from the decomposition of our models into four
groups of gene circuits. Overall, clusters 1 and 2 are rather similar,
as are clusters 3 and 4 (Fig. 5B–E; Supplementary Fig. S3). All
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Fig. 5. Four major clusters of C. albipunctata gene circuits. (A) Visualisation of gene circuit clusters using a two-dimensional projection of a principal component analysis of
parameter values. Each gene circuit is colour-coded on the basis of a hierarchical clustering of the circuit parameters which resulted in ﬁve categories. Cluster 5 only contains
two circuit solutions. We only use the four major clusters for further analysis. (B–E) Consensus gap gene networks for the four major clusters. Coloured boxes indicate the
position of gap domains along the A–P axis (as in Figs. 1B and 4C). Grey interactions are part of the core network (Fig. 4C) and thus are the same in all clusters. Coloured solid
interactions are well-determined as activator or inhibitor in a given cluster, and coloured dashed interactions are present in at least 75% of the gene circuits of a given cluster.
Well-determined neutral interactions are omitted. Arrows indicate activating interactions, T-bar connectors represent repressive interactions. Circular arrows or T-bars
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omains show activation (arrowhead), or repression (minus sign) by the anterior d
olid symbols are well-determined, and dashed symbols indicate that at least 75% o
lusters differ concerning their predictions of speciﬁc regulatory
echanisms. We discuss each of these in turn.
The most salient difference between clusters 1/2 and 3/4 con-
erns the mutual regulation of gt and Kr. Clusters 3 and 4 show a
omplete lack of determinability for these interactions (Fig. 5D,E).
n contrast, clusters 1 and 2 show repression of Kr by Gt (Fig. 5B,C).
his suggests that at least part of the antagonistic interaction
etween gt and Kr may be conserved in C. albipunctata, but that
his interaction is not as essential as it is in D. melanogaster (Jaeger
t al., 2004a,b; Jaeger, 2011; Crombach et al., 2012b).
The regulatory role of Kr is only clearly resolved in cluster 2
Fig. 5C). It shows a trend towards activation of gt in this cluster.
ince this interaction only occurs in a smallminority of circuits, it is
nlikely to be crucial for gap gene regulation in C. albipunctata. Our
odels provide somewhat stronger support for Kr repressing its
mmediate neighbours hb and knl. These interactions are present in
ircuits belonging to clusters 2–4 (Fig. 5C–E). Overall, our evidence
uggests that the role of Kr in C. albipunctata gap gene regulation is
uch less central than in D. melanogaster.
We next examine the interaction of hb and gt in the anterior
f the embryo. All clusters show a trend towards activation of gt
y Hb, but only cluster 2 shows presence of this interaction in all
ircuits (Fig. 5B–E). Repression of hb by Gt occurs in clusters 1, 3,sent undetermined interactions. Two small symbols located at the left side of gap
inant (AntDet, purple) and Cad (cyan). Analogous to solid and dashed interactions,
circuits support the type of interaction.
and 4, but not in cluster 2. In D. melanogaster mRNA-based circuits,
both of these interactions are repressive (Crombach et al., 2012b).
Taken together, this suggests an activating role of Hb in anterior gt
regulation in C. albipunctata compared to D. melanogaster.
As brieﬂymentioned above, our circuits show a strong tendency
towards Tll repressing both Kr and knl in the posterior terminal
region. This trend is observed in all clusters, but only clusters 2 and
3 exhibit both interactions unambiguously (Fig. 5C,D). This sug-
gests that the regulatory role of Tll is similar in C. albipunctata as in
D. melanogaster, with the sole exception that Tll is not repressing gt
in the former, since their respective expression patterns remain at a
large distance from each other during the entire blastoderm stage.
Auto-regulation is not well determined for gt and knl, while
Kr tends to activate itself and hb shows auto-repression in many
circuits (Fig. 5B–E). In general, we ﬁnd that the strength and
sign of auto-regulation depends on inputs from the maternal
factors AntDet and Cad. This is equivalent to the situation in
D.melanogaster, where activationbymaternal factors can also com-
pensate for missing auto-activation (Perkins et al., 2006). These
ﬁndings therefore imply a non-essential role for auto-activation
in gap gene patterning across species.
Finally, let us consider regulatory inputs from maternal factors.
The unknown anterior determinant (AntDet) activates hb and Kr
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Fig. 5B–E), equivalent to the activation of these genes by Bcd in
. melanogaster (Jaeger, 2011). In contrast, the anterior domain of
t is mainly activated by Hb, and only shows additional activation
y AntDet in a minority of circuits (compare clusters 1/2 and 3/4
n Fig. 5B–E). The anterior knl domain is activated by anterior Gt in
ll of our circuits (see the core network in Fig. 4C). The posterior
nl domain in C. albipunctata mainly relies on activation by Cad,
hile the abdominal domain of kni in D. melanogaster is activated
y more equal contributions of both Bcd and Cad (Jaeger, 2011).
ad represses gt in the posterior of the embryo. Taken together,
ur evidence suggests an essential, but smaller, contribution of the
redicted AntDet on gap gene expression than that played by Bcd
n D. melanogaster. We discuss the altered role of Cad in gap gene
egulation in some more detail in the following section.
In summary, our decomposition of 117 C. albipunctata gap gene
ircuits into four clusters yields a small set of alternative network
tructures that provide mechanistic (causal) regulatory explana-
ions for the observed gene expression patterns. These predictions
llow us to gain insights into the functional constraints of the sys-
em: which interactions tend to occur together, and which ones do
ot. More importantly, our predicted network structures provide
restricted set of hypotheses that can be veriﬁed experimentally
sing gene knock-down (RNAi).
.4. Cad represses posterior gt in C. albipunctata
In light of what we know about gap gene regulation in
. melanogaster and the evolution of the gap gene system in insects
Jaeger, 2011), there are two predicted features of gap gene reg-
lation in C. albipunctata that deserve further discussion. The ﬁrst
neof these is the changed role of theposteriormaternal factor Cad.
ig. 6. Shift mechanisms for the posterior boundary of anterior hb. Spatial plots show re
b domain in both C. albipunctata and D. melanogaster at early (top row: t=65min; T1) an
P position (where 0% is the anterior pole). Plots show a range of 20% egg length centred a
ontribution in arbitrary units (au). Selected gene circuits from cluster 1 (C1), 2 (C3), and
he total sum of regulatory interactions (ua in Eq. (3)). Individual contributions to the reg
reas, which correspond to wbagb
i
and emagm
i
, respectively, in Eq. (3). Activating contribut
he middle). See ﬁgure key for colour coding. The height of each coloured area represents
egulatory levels below which the sum of regulatory contributions leads to hb expressionms 123 (2014) 74–85 81
With the exception of only 2 out of 117 gene circuits, gt is repressed
by Cad in C. albipunctata (Fig. 4A). At ﬁrst sight, this may be surpris-
ing, since Cad is known to be an activator of posterior gap gene
expression in D. melanogaster (Jaeger, 2011) and other dipterans
such as the hover ﬂy Episyrphus balteatus (Lemke and Schmidt-Ott,
2009; Lemke et al., 2010).
On further reﬂection, however, posterior repression by Cad is
not that surprising given the absence of a posterior gt domain
in C. albipunctata. We cannot exclude the possibility of a missing
posterior repressor, but several pieces of evidence point towards
Cad playing an important role. First, Cad protein is present at the
right position and time to repress the formation of a gt expres-
sion domain in the posterior of the embryo (our unpublished data).
Second, the only other candidate repressor in the posterior of the
embryo isnot sufﬁcient to repressgt. This candidate isKnl.Although
it is expressed in the correct area, and tends to repress gt in a
majority of circuits, Knl cannot repress gt too strongly, becauseboth
factors have strongly overlapping expression domains in the ante-
rior. Strong repression would interfere with such co-expression.
Finally, Cad is known to be expressed in the posterior growth zone
of non-drosophilid insect embryos such as those of the ﬂour bee-
tle Tribolium castaneum (Schulz et al., 1998; Schroder et al., 2000;
Copf et al., 2004) and the cricketGryllus bimaculatus (Shinmyo et al.,
2005; Mito et al., 2006), where it is involved in axis elongation and
probably represses segmentation genes to keep the dividing cells
in an undifferentiated state.3.5. Interactions between gt and Kr are not resolved
Another notable feature concerns repression among mutually
exclusive gap genes. InD.melanogaster,mutual repression between
gulatory contributions to the positioning of the posterior boundary of the anterior
d late (bottom row: t=140min; T8) cleavage cycle 14A (C14A). X-axes represent %
round the position of the hb boundary in each species. Y-axes represent regulatory
4 (C4; see Fig. 5B, C, and E) are shown for C. albipunctata. Solid black lines indicate
ulation of hb by gap genes and maternal co-ordinate genes are plotted as coloured
ions are shown above, repressing contributions below the baseline (dashed line in
the strength of the contribution. Upper and lower horizontal dashed lines indicate
<5% (bottom), and above which expression is >95% (top). See text for details.
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Fig. 7. Shiftmechanisms for the anterior and posterior boundaries of the Kr domain.
Temporal plots show regulatory contributions to the positioning of the anterior
(upper row), and posterior (lower row) boundaries of the Kr domain in both C.
albipunctataandD.melanogaster.X-axes represent time (inminafter theonset ofC13
for C. albipunctata; as time classes C13 and T1–8 for D. melanogaster, as in Fig. 2D).
Plots show regulatory dynamics over time for individual nuclei. Y-axes represent
regulatory contribution in arbitrary units (au). Solid black lines indicate the sum
total of regulatory interactions (ua in Eq. (3)). Individual contributions to the regula-
tion ofKrby gap genes andmaternal co-ordinate genes are plotted as coloured areas,
which correspond to wbagb
i
and emagm
i
, respectively, in Eq. (3). Activating contrib-
utions are shown above, repressing contributions below the baseline (dashed line in
the middle). See ﬁgure key for colour coding. The height of each coloured area rep-
resents the strength of the contribution. Upper and lower horizontal dashed lines
indicate regulatory levels below which the sum of regulatory contributions leads
to hb expression <5% (bottom), and above which expression is >95% (top). Vertical
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2004a; Jaeger, 2011). In contrast, the anterior shift of the posteriorotted lines indicate mitosis (M). See text for details.
b and kni, as well as between gt and Kr, provides the central
echanism for the staggered, overlapping spatial arrangement
f gap domains along the A–P axis. This regulatory mechanism
an be described as providing ‘alternating cushions’ between non-
verlapping gap domains (Jaeger, 2011). In contrast, while hb and
nl always repress each other in our C. albipunctata gene circuits,
he interactionsbetween gtandKr remainunresolved (Figs. 4 and5;
upplementary Fig. S3).
This lack of determinability can be explained as follows: in
ontrast to D. melanogaster, the gt and Kr domains of C. albipunc-
ata remain spatially separated until the late blastoderm stage
Figs. 2D and 3A). Consequently, the type of interactions between
he two genes does not really matter. Although most of our models
o show repression of Kr by Gt, and many even show inhibition
f gt by Kr, a substantial number of C. albipunctata gene circuits
xhibit different types of interactions between these two genes
Fig. 4A). The classiﬁcation of our models into four clusters only
artially clariﬁes the situation (Fig. 5B–E). All in all, the large variety
f interactions between Kr and gt that we observe in our mod-
ls suggest that mutual repression between these genes is not an
ssential component of the gap gene expression mechanism in
. albipunctata.ms 123 (2014) 74–85
Instead of themutually repressive interaction between gt andKr
determining the location and extent of their respective expression
domains as in D. melanogaster, the size of the anterior gt domain is
mainly set by Cad repression in the central and posterior regions of
the embryo, and theboundaries of theKrdomain aredeterminedby
Hb in the anterior, and a combination of Knl and Tll in the posterior.
Taken together, this indicates that the ‘alternating cushions’ mech-
anism (Jaeger, 2011) is much less central to gap gene regulation in
C. albipunctata than in D. melanogaster.
3.6. Mechanisms for C. albipunctata gap domain shifts
In D. melanogaster, the Kr domain, the abdominal domain of kni,
as well as the posterior domains of gt and hb, shift towards the
anterior over time (Jaeger et al., 2004a; Surkova et al., 2008a). In
C. albipunctata, similar shifts are clearlydetectable (Fig. 2D) (García-
Solache et al., 2010). In fact, anterior shifts of gap domains are
more pronounced in C. albipunctata, and, apart from Kr and knl,
also involve the posterior boundary of anterior hb, which remains
at a constant position in D. melanogaster (Fig. 2D). In the following
paragraphs, we provide a brief overview on how regulatory inter-
actions between overlapping gap domains generate these shifts.
These mechanisms are fairly consistent across our four clusters of
networks.
In C. albipunctata, the posterior boundary of the anterior hb
domain shifts due to increasing repression by Kr and Knl over time
(Fig. 6A–C). Circuits fromdistinct clusters differ slightlywith regard
to the combination and ratio of interaction strengths for these reg-
ulators: repression by Knl is more prominent in cluster 1 (Fig. 6A),
Kr in cluster 3 (Fig. 6B), while clusters 2 and 4 use both (Fig. 6C). In
addition, cluster 4 shows a two-stage pattern: Kr represses early,
while input from Knl becomes stronger later on. In D. melanogaster,
the posterior border of the anterior hb domain does not shift at
all; it only sharpens during the blastoderm stage due to continu-
ous accumulation of its relativelyweak repressor Kr (Fig. 6D; Jaeger
et al., 2004a; Jaeger, 2011).
The anterior boundary of the Kr domain shifts due to decreased
repression by Hb over time in all C. albipunctata gap gene circuits
(Fig. 7A). In other words, the anterior Kr boundary follows the
retracting hb expression domain (see Figs. 2D and 3A). This process
is often enhanced by increasing Kr auto-activation. Anterior gt does
not impede this shift, even in circuits that show repression of Kr by
Gt, since it lies furtheranterior than its equivalent inD.melanogaster
(Figs. 2D and 3). In contrast, the anterior boundary of the Kr domain
in D. melanogaster hardly shifts as its movement is restricted by
strong repression from the anterior gt domain (Fig. 7B; Jaeger et al.,
2004a; Jaeger, 2011). The posterior boundary of the Kr domain in
C. albipunctata shifts due to increasing repression by Knl over time
(Fig. 7C). This is exactly the samemechanismas the one responsible
for the shift of the equivalent boundary in D. melanogaster (Fig. 7D;
Jaeger et al., 2004a; Jaeger, 2011; Crombach et al., 2012b).
The anterior boundary of the posterior knldomain inC. albipunc-
tata is regulated by Hb and Kr in each of the gene circuit clusters
(Fig. 8A–C). The precise ratio and timing of repressive contributions
differs between clusters, but the overall effect is one of diminish-
ing net repression in all cases. In general, Hb repression dominates
then fades early on,while Kr repression builds up and subsequently
decreases at later stages (Fig. 8A–C). Thus, this boundary follows the
anterior shifts of the posterior domains of hb and Kr, a mechanism
that is equivalent to the one responsible for the anterior shift of
the anterior kni boundary in D. melanogaster (Fig. 8D; Jaeger et al.,boundary of knldomain results exclusively fromrepressionbyTll in
C. albipunctata (not shown). This is different than inD.melanogaster,
where the posterior boundary of the abdominal kni domain shifts
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Fig. 8. Shift mechanisms for the anterior boundary of knl/kni. Temporal plots show regulatory contributions to the positioning of the anterior boundary of the posterior knl
domain in C. albipunctata and the abdominal kni domain in D. melanogaster. X-axes represent time (in min after the onset of C13 for C. albipunctata; as time classes C13 and
T18 for D. melanogaster as in Fig. 2D). Plots show regulatory dynamics over time for individual nuclei as indicated. Y-axes represent regulatory contribution in arbitrary units
(au). Selected gene circuits from cluster 1 (C1), 2 (C2), and 3 (C3; see Fig. 5B–D) are shown for C. albipunctata. Solid black lines indicate the sum total of regulatory interactions
(ua in Eq. (3)). Individual contributions to the regulation of Kr by gap genes and maternal co-ordinate genes are plotted as coloured areas, which correspond to wbagb
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, respectively, in Eq. (3). Activating contributions are shown above, repressin
oding. The height of each coloured area represents the strength of the contribution
f regulatory contributions leads to hb expression <5% (bottom), and above which e
ue to repression from the posterior Gt domain, which is missing
n C. albipunctata (Jaeger et al., 2004a; Crombach et al., 2012b).
In summary, we ﬁnd that shift mechanisms in C. albipunctata
re qualitatively very similar to those in D. melanogaster. Ante-
ior boundaries follow the shifts of posterior boundaries, which
n turn are driven by increasing repression from their immedi-
te posterior neighbours. The only qualitative differences between
he two species concern the shift in the posterior domain of ante-
ior hb, which shifts in C. albipunctata but remains stationary in
. melanogaster, and the altered regulation of the posterior domain
f knl, due to the absence of a posterior Gt domain in C. albipunctata.
On the other hand, it is important to point out that the dynam-
cs of gap domain shifts differs strongly between the two species.
ap domain shifts are much more pronounced in C. albipunctata
ompared to D. melanogaster. It is difﬁcult to analyse such quanti-
ative differences precisely in our set of gap gene circuits, due to
he high variability in estimated parameter values. Considering the
onservation of shift mechanisms at the qualitative level, we sug-
est that such differences originate from altered ratios of activating
nd repressive gap-gap cross-regulatory interactions.
. Conclusion
We have presented a comparative analysis of a developmen-
al gene regulatory network, the gap gene system, between two
istantly related dipteran species, the moth midge C. albipunc-
ata and the vinegar ﬂy D. melanogaster (Fig. 1). It is based on
reverse-engineering approach that ﬁts gene circuit models to
patio-temporal mRNA expression data. We have demonstrated
reviously, as a proof of principle, that this approach can be used to
uccessfully infer the regulatory structure and dynamics of the gap
ene network in D. melanogaster (Jaeger et al., 2004a,b; Ashyraliyev
t al., 2009; Crombach et al., 2012b). Even though our expression
ata set for C. albipunctata was less comprehensive and accurate
han that available for D. melanogaster, we have succeeded in deﬁn-
ng a core set of interactions of the network in this species (Fig. 4C).
eyond these core interactions, we ﬁnd four alternative regulatory
etwork structures (Fig. 5B–E) that predict speciﬁcmechanisms for
ap gene regulation in C. albipunctata.
Our approach has yielded several new insights, and has gener-
ted a number of experimentally testable hypotheses. Our modelsributions below the baseline (dashed line in the middle). See ﬁgure key for colour
r and lower horizontal dashed lines indicate regulatory levels below which the sum
sion is >95% (top). Vertical dotted lines indicate mitosis (M). See text for details.
predict that Cad is a repressor rather than an activator of gt. Fur-
thermore, they indicate that the alternating cushions mechanism
at theheart of the gap genenetwork inD.melanogaster is less essen-
tial, and only partially present, in C. albipunctata. In particular, the
regulatory role of Kr seems less central in this species. Finally, our
models suggest a number ofmechanisms for gap domain shifts that
are similar, but not identical to those described for D. melanogaster
(Jaeger et al., 2004a; Jaeger, 2011; Crombach et al., 2012b). They
underlie the altered dynamics of domain shifts between the two
species.
Still, our approach is limited in several important ways. The ﬁrst
limitation is thatwe are not surewhetherwehave identiﬁed all rel-
evant gap genes in C. albipunctata. As noted earlier (García-Solache
et al., 2010), there is a region in the posterior of the C. albipunctata
embryo where no gap genes are expressed at the late blastoderm
stage. It lies between the posterior knl and the terminal tll domain
(García-Solache et al., 2010). Currently, we do not know if there is
an additional gap gene expressed in this region. Another limitation
of the data is that we do not yet know the identity of the ante-
rior determinant in C. albipunctata (or any other nematoceran ﬂy;
Jaeger, 2011). Finally, the quality of our models can be improved
with quantitative protein expression data for maternal co-ordinate
genes, such as Hb and Cad.
Another limitation concerns our model-ﬁtting procedure. The
lack of determinability for several regulatory parameters suggests
that gap gene expression patterns along the A–P axis do not con-
strain the gene circuit approach sufﬁciently to yield a unique
regulatory structure. In particular, C. albipunctata lacks posterior
gt expression, and its single anterior domain can be regulated by
various combinations of gap genes and maternal inputs. These dif-
ferent regulatory mechanisms have repercussions on some of the
other regulatory interactions, resulting in four distinct clusters of
network structures (see Fig. 5).
Finally, and most importantly, the main limitation of our
approach is the current lack of experimental veriﬁcation of our
predicted network structures. Unfortunately, gene knock-down
by RNAi, although possible, remains a substantial challenge in
C. albipunctata (E. Jiménez-Guri, K. Wotton, J. Jaeger, unpublished).
What we have achieved here is to considerably narrow down the
range of potential alternative regulatory mechanisms that will
have to be tested experimentally. These predicted mechanisms
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igniﬁcantly extend the qualitative insights into gap gene regula-
ion derived from previous studies of gene expression (Rohr et al.,
999; García-Solache et al., 2010). From this point of view, our
odels constitute a signiﬁcant step forward toward the in silico
econstitution andnetwork-level analysis of the gapgene system in
. albipunctata. They not only provide speciﬁc regulatory hypothe-
es, but will also be used as starting points for future evolutionary
imulations that investigate the transitions in gene regulatory and
xpression dynamics affecting gap genes across dipteran species.
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